
Cellular/Molecular

Endothelin-1 Regulates Astrocyte Proliferation and Reactive
Gliosis via a JNK/c-Jun Signaling Pathway
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Reactive gliosis is characterized by enhanced glial fibrillary acidic protein (GFAP) expression, cellular hypertrophy, and astrocyte
proliferation. The cellular and molecular mechanisms underlying this process are still largely undefined. We investigated the role of
endothelin-1 (ET-1) in reactive gliosis in corpus callosum after lysolecithin (LPC)-induced focal demyelination and in cultured astro-
cytes. We show that ET-1 levels are upregulated in demyelinated lesions within 5 d after LPC injection, together with enhanced astrocyte
proliferation, GFAP expression, and JNK phosphorylation. Infusion of the pan-ET-receptor (ET-R) antagonist Bosentan or the selective
ETB-R antagonist BQ788 into the corpus callosum prevented postlesion astrocyte proliferation and JNK phosphorylation. In cultured
astrocytes, ET-1-induced activation of ETB-Rs promotes a reactive phenotype by enhancing both GFAP expression and astrocyte prolif-
eration. In the same cells, ET-1 activates both JNK and p38MAPK pathways, and induces c-Jun expression at the mRNA and protein levels.
By using selective pharmacological inhibitors, we also provide evidence that ET-1 induces astrocyte proliferation and GFAP expression
through activation of ERK- and JNK-dependent pathways, consistent with the previous observation of ET-1-induced activation of ERK
(Schinelli et al., 2001). Finally, we show by gain and loss of function that increased c-Jun expression enhances the proliferative response
of astrocytes to ET-1, whereas c-jun siRNA prevents ET-1-induced cell proliferation. Our results indicate that the effects of ET-1 on
astrocyte proliferation depend on c-Jun induction and activation through ERK- and JNK-dependent pathways, and suggest that ET-R-
associated pathways might represent important targets to control reactive gliosis.
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Introduction
Reactive astrogliosis and microgliosis is a common occurrence in
CNS trauma, and reducing the presence of excess reactive glial
cells is important for normal cellular function (Miyake et al.,
1989; Ridet et al., 1997; McGraw et al., 2001; Buffo et al., 2005;
Sofroniew, 2005). After activation by injury, astrocytes and mi-
croglia release factors that recruit other astrocytes and microglia
to the injury site. This recruitment can lead to glial scar forma-
tion, which has the potential to block the growth and maturation
of neural progenitors and also impede neovascularization, thus
inhibiting recovery after injury (Fawcett and Asher, 1999). A pre-
vious study demonstrated the harmful effect of astrogliosis on
oligodendrocyte progenitor development and remyelination af-
ter demyelination (Back et al., 2005).

Endothelin-1 (ET-1) is implicated in many CNS pathologies

that involve reactive gliosis (Jiang et al., 1993; Yamashita et al.,
1994; Zhang et al., 1994; Nie and Olsson, 1996; Stiles et al., 1997;
Baba, 1998; Hasselblatt et al., 2001, 2003; Egnaczyk et al., 2003;
Sofroniew, 2005). Expression of ET-1 and its receptors (ET-Rs) is
strongly upregulated in astrocytes after brain injury (Jiang et al.,
1993; Zhang et al., 1994; Hino et al., 1996; Nie and Olsson, 1996;
Rogers et al., 1997; Sakurai-Yamashita et al., 1997; Baba, 1998).
Astrocytes are autocrine targets of ET-1 action, which results in
increased cell proliferation (Lazarini et al., 1996; Hasselblatt et al.,
2001, 2003; Rogers et al., 2003; Desai et al., 2004).

A direct role for ET-1 in reactive gliosis was demonstrated by
in vivo infusion of exogenous ETs or ET-R agonists, which caused
astrocyte hypertrophy and proliferation (Koyama et al., 1999).
Opposite effects were obtained after injection of ET-R antago-
nists (Uesugi et al., 1996). In cultured astrocytes, ET-1 promotes
cell proliferation (MacCumber et al., 1990; Couraud et al., 1991;
Stanimirovic et al., 1995; Teixeira et al., 2000) and causes marked
cytoskeletal changes (Cazaubon et al., 1997; Koyama and Baba,
1999), but the specific signal transduction pathways underlying
the effects of ET-1 are still poorly characterized. Previous studies
demonstrated activation of several intracellular pathways by
ET-1 (Simonson and Herman, 1993; Kasuya et al., 1994; Stanimi-
rovic et al., 1995; Lazarini et al., 1996; Koyama et al., 2003, 2004),
including PKC/ERK and p38MAPK (Schinelli et al., 2001).

In this study, we used the myelin toxin lysolecithin (LPC) to
test the hypothesis that ET-mediated signaling events promote
glial activation initiated by white matter lesion in the mouse cor-
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pus callosum (CC) (Woodruff and Franklin, 1999). We sought to
identify signal transduction pathways that are causally associated
with the effects of ET-1 on astrocyte proliferation and reactive
gliosis. We investigated the effects of ET-1 on astrocytes in vivo
and in vitro, and demonstrate that both JNK and ERK pathways
contribute additively to mediate the cellular effects of ET-1 on
these astrocytes. Our findings indicate that molecular targeting of
ET-1/ET-Rs and the c-Jun/JNK pathway could be used as a strat-
egy aimed at attenuating reactive gliosis after brain injury.

Materials and Methods
Materials. ET-1 and anti-ET-1 antibodies were both from EMD Bio-
sciences (San Diego, CA). The following antibodies were purchased from
Cell Signaling Technology (Beverly, MA): Thr183- and Tyr185-
phosphorylated JNK-1,2 and -3, dually phosphorylated (Thr180/Tyr
182) p38MAPK, phosphorylation state-independent p38MAPK, dually
phosphorylated (Thr183/Tyr185) JNK, phosphorylation state-
independent JNK, phospho (Ser63) c-jun, phosphorylation state-
independent c-Jun, and phospho (Ser) ATF-2. Polyclonal anti-
hemagglutinin and anti-ATF-2 (s.c.-243) antibodies were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). Polyclonal antibodies
directed against dually phosphorylated ERK5 and against phosphoryla-
tion state-independent ERK5 were from Biosource (Camarillo, CA).
Bosentan was a kind gift from Actelion Pharmaceuticals (Allschwil, Swit-
zerland). Fetal bovine serum was from Hyclone (Logan, UT). Trizol and
all other reagents for cell cultures were from Invitrogen (Carlsbad, CA).
The protein kinase inhibitors SB202190, SB203580, SP600125, U-0132,
and PD98019 were from Alexis (Lausen, Switzerland). All the other re-
agents were purchased from Sigma (St. Louis, MO), including the mouse
monoclonal anti-glial fibrillary acidic protein (GFAP) antibody.

DNA plasmids. DNA fragments were excised from agarose gels and
purified with kits from Qiagen (Chatsworth, CA). Plasmids were purified
with the Maxiprep kit. TAM67 was excised from pCMV-TAM67 as a
RsaI-BamHI fragment and cloned into the EcoRV-BamHI site of the
pIRES vector (Clontech, Palo Alto, CA). To construct a GFP fusion, a
BamHI-HindIII fragment was cut from the pIRES-TAM67 plasmid and
then ligated into the BamHI-HindIII sites of pEGFP-C3. To shift the
TAM67 insert into frame with the GFP, this plasmid was linearized with
HindIII, and the recessed ends were filled with T4 polymerase (Invitro-
gen) and religated to generate an in-frame fusion between GFP and
TAM67, designated pGFP-TAM67. To express GFP-TAM67 from a bi-
cistronic vector, the chimeric DNA encoding GFP-TAM67 was excised
from pGFP-TAM67 with Eco47III and BamHI and cloned into the EcoRV
and BamHI sites of pIRES to generate pGFP-TAM67.

Animals and cell cultures. The generation of the CNP-EGFP mouse
used throughout this study has been described previously (Yuan et al.,
2002). Two separate CNP-EGFP transgenic lines were used (C1 and D1),
and data were pooled because no differences were noted between the two.
All animal procedures complied with guidelines of the National Insti-
tutes of Health and Children’s Research Institute. Purified astrocyte cul-
tures were prepared from 20-d-old Sprague Dawley rat embryos as pre-
viously described (Gallo and Armstrong, 1995; Schinelli et al., 2001).
Animals were killed, and cortices were dissected and then mechanically
dissociated by means of a fire-polished Pasteur pipette. Cells were then
plated in 75 cm 2 tissue culture flasks in DMEM high-glucose medium,
containing 2 mM glutamine and 10% fetal bovine serum (Schinelli et al.,
2001). Approximately 24 h after plating, the medium was completely
replaced, and the cells were grown for 8 –10 d in vitro with a complete
medium change every 48 h to 60 –70% confluency. The cultures com-
prised �95% GFAP-positive cells (Gallo and Armstrong, 1995; Schinelli
et al., 2001).

Cell proliferation assays. Rat cortical astrocytes grown for �10 d in vitro
were trypsinized and seeded on 60 mm tissue culture dishes at a density of
50,000 cells/cm 2. After 24 h, subconfluent astrocytes (60 –70% conflu-
ency) were rinsed twice with DMEM and transfected with lipofectamine
reagent (Invitrogen). Cortical astrocytes were transfected with pGFP-
IRES vectors. To rule out nonspecific or toxic effects of vector–liposome
complexes, control cells were transfected with pGFP-IRES empty vector.

For each dish, 8 �g of vector were added to 92 �l of DMEM, while, in a
separate tube, 25 �l of lipofectamine were added to 75 �l of DMEM; the
two suspensions were mixed and incubated for 30 min at room temper-
ature to allow the formation of vector-liposome complexes. The trans-
fection mixture (200 �l) was added to cells in tissue culture dishes con-
taining 800 �l of DMEM. After 8 h, 1 ml of fresh DMEM medium
containing 20% FBS was added to the cells, without removing the trans-
fection mixture, for an additional 12 h. The medium was then completely
replaced with fresh DMEM containing 10% FBS, and cells were allowed
to recover for 48 h. Cells were then starved overnight (�16 h) in serum-
free DMEM before treatment with the indicated agents and lysis for
Western blot analysis. The average efficiency of the transfection proce-
dure (evaluated at 48 h after transfection) in primary cortical astrocytes
(% of GFP� cells) was between 30 and 40% for all the constructs. Bro-
modeoxyuridine (BrdU) and anti-Ki67 stainings were performed as pre-
viously described (Sohn et al., 2006). For BrdU immunostaining, because
the necessary alkaline denaturation of cell DNA (0.07N NaOH) was par-
tially quenching GFP fluorescence, anti-GFP immunostaining (1:100;
polyclonal anti-GFP; Santa Cruz Biotechnology) was performed before
BrdU staining, to allow accurate detection of transfected cells. The effect
of kinase inhibitors on ET-1-induced proliferation of cortical astrocytes
was assessed using the Cell Titer 96 aqueous One Solution Cell prolifer-
ation assay kit (Promega, Madison, WI). This single colorimetric assay is
based on the ability of living cells to form a formazan product after
incubation with the compound 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt (MTS), in
the presence of the electron coupling reagent phenazine ethosulfate. The
amount of formazan product was assessed by the 490 nm absorbance and
was directly proportional to the number of viable cells in the culture. Cortical
astrocytes were plated at 5000 cells/well in 96-well plates, pretreated with
protein kinase inhibitors for 1 h, and then stimulated with ET-1 100 nM for
48 h. At the end of the stimulation period, 20 �l of MTS stock solution was
added to each well and the mix incubated for 3 h at 37°C in 5% CO2 atmo-
sphere. Absorbance was then measured in a microplate reader (M-550; Bio-
Rad, Hercules, CA) at 490 nm. Cell proliferation was expressed as percentage
decrease compared with cells untreated with kinases inhibitors.

Immunocytochemistry in cultured cells. Astrocytes were plated at a den-
sity of 35,000 cells/cm 2 and grown for 48 h in the presence or in the
absence of ET-1 (100 –200 nM). ET-R antagonists were added to the
cultures 2 h before ET-1. Cells were fixed in 4% paraformaldehyde/PBS
and stained with rabbit anti-Ki67 (1:500; Novocastra Laboratories, New-
castle, UK) and chicken anti-GFAP (1:500; Abcam, Cambridge, MA) and
counterstained with 4�,6�-diamidino-2-phenylindole (DAPI). The per-
centage of Ki-67 � cells was calculated as a percentage of total DAPI �

cells in 10 microscopic fields per coverslip. A total of three coverslips was
counted for each experiment from three experiments (total, 9 coverslips
per culture condition). For P-c-Jun immunostaining, subconfluent cul-
tures were starved for 18 h before ET-1 stimulation (100 nM, 20 min) and
fixed in paraformaldehyde. Astrocytes were then stained with chicken
anti-GFAP and rabbit anti-P-c-Jun (1:500; Cell Signaling Technology).

siRNAs. Two 21-nt-long siRNAs targeting rat c-jun mRNA (GenBank
accession number X1716), marked c-jun1 and c-jun2, were designed
according to the standard selection criteria (Bradác et al., 2007; Ui-Tei et
al., 2007) and chemically synthesized by Ambion (Woodward, TX). The
synthetic siRNAs with 3� overhang of 2dTs are as follows: c-jun1,
GCCGGUUUUCCAUACUCUCtt (175–195); c-jun2, CAAGAAGA-
UGCGCC GCAACtt (682–702). In addition to these siRNAs, Silencer
Negative Control siRNA having no significant homology to any known
gene sequences from mouse, rat, or human was used as a control siRNA.
All the designed siRNA sequences were verified by BLAST search, to
avoid significant sequence similarity to other genes in the rat genome.
Sense and antisense RNA were solved in annealing buffer (100 mM po-
tassium acetate, 30 mM HEPES-KOH, pH 7.4, 2 mM magnesium acetate),
incubated for 1 min at 90°C and then for 1 h at 37°C just before transfec-
tion. For siRNA transfection, cells were seeded in at a density of 8 � 10 5

cells/well and cultured for 24 h. Cells were washed with PBS and trans-
fected with 1 ml of Opti-MEM I medium (Invitrogen) containing 50 nM

siRNA using oligofectamine (Invitrogen) following the manufacturer’s
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instructions. Total cell lysates were prepared from these cells for Western
blot analysis.

Real-time PCR. Astrocyte cultures were rinsed twice with PBS and
treated with the RNA extraction reagent Trizol (Invitrogen). Total RNA
was precipitated by centrifugation at 20,000 � g for 15 min at 4°C,
washed twice with ethanol, and quantified by UV spectrophotometry at
260 nm. Only RNA with a 260/280 ratio �2.0 was used for the reverse
transcription (RT) reaction. Total RNA was treated with 10 U of RNase-
free DNase I for 15 min at 37°C to eliminate contaminating genomic
DNA. The DNase was then digested with 15 mg of proteinase K at 70°C
for 20 min, and the RNA was phenol-chloroform extracted and ethanol
precipitated. The target mRNAs were quantified by real-time RT-PCR
analysis using SYBR Green. The cDNAs were prepared from 4 �g of total
RNA using the Thermoscript RT-PCR system with oligodT18 primers.
The cDNAs were used as templates for PCR in 20 �l scale with Fast start
SYBR Green kit (Roche, Indianapolis, IN) in the presence of 200 nM of
the forward and reverse primers. The PCR was performed on the Light
Cycler Instruments (Roche) at 50°C for 2 min and at 95°C for 10 min,
followed by running for 45 cycles at 95°C for 15 s and 60°C for 1 min. The
primer sets were forward CTGATCATCCAGTCCAGCAA and reverse
TGGCTATGCAGTTCAGCTAGG primers for rat c-jun (GenBank ac-
cession number X17163, product size 137 bp) and forward TGCACCAC-
CAACTGCTTA and reverse GGATGCAGG-GATGATGTTC primers
for rat glyceraldehyde-3-phosphate dehydrogenase (GAPDH; GenBank
accession number NM-017008 and product size 177 bp). The primers
were designed by using the Primer3 Input software (http://frodo.wi.
mit.edu/cgi-bin/primer3/primer3.cgi/primer3_www.cgi). The specific-
ity of each primer was verified using the BLAST software. Expression of
mRNA was assessed by evaluating threshold cycle (CT) values. The CT
values were normalized with the expression level of GAPDH, and the
relative amount of mRNA specific to each of the target genes was calcu-
lated using the �-CT method (ref Pfaff). The effect of pharmacological
treatments on mRNA c-jun levels was expressed as fold increase over
basal values.

Western blot analysis. For Western blot analysis, cells were starved for
18 h before stimulation with ET-1 and various pharmacological agents.
Then, cells were rinsed twice with ice-cold PBS and lysed for 45 min on
ice in 500 �l of ice-cold RIPA lysis buffer (50 mM Tris-HCl, pH 7.5, 140
mM NaCl, 1% NP-40, 0.25% sodium deoxycholate, 1 mM sodium-
orthovanadate, 1 mM NaF, 1 mM PMSF, 2 �g/ml aprotinin, 2 �g/ml
pepstatin, 2 �g/ml leupeptin, and 1 �M microcystin-LR). The lysates
were centrifuged at 40,000 rpm for 10 min at 4°C, and aliquots were taken
for protein determination using the Pierce (Rockford, IL) BCA protein
assay kit. Western blot analysis was performed either on 60 �g of total cell
lysate (for P-p38MAPK, p38MAPK, P-JNK, JNK, P-ERK5, and ERK5) or
100 �g of nuclear protein extracts (for P-c-Jun, c-Jun, P-ATF-2, and
ATF-2). Proteins were resolved by 10% SDS-PAGE and transferred to
nitrocellulose or Immobilon PVDF membranes by tank blotting (0.8 A
constant current) in transfer buffer (25 mM Tris, 192 mM glycine, and
20% v/v methanol, pH 8.3) for 16 h at 4°C. The membranes were
rinsed twice in Tween-Tris-buffered saline (TBS-T) (25 mM Tris-HCl,
pH 7.5, 140 mM NaCl, and 0.05% Tween 20), incubated for 1 h in
TBS-T containing 5% BSA, and then incubated for 16 h at 4°C with
primary antibodies in TBS-BSA. After washing three times for 15 min
each with TBS-T, the membranes were incubated in TBS plus 5% milk
for 1 h at room temperature with either horseradish peroxidase-
conjugated goat polyclonal anti-rabbit IgG for polyclonal primary
antibodies or horseradish peroxidase-conjugated goat polyclonal
anti-mouse for mouse monoclonal primary antibodies. The chemilu-
minescent signals were detected using the Super signal kit (Pierce) or
ECL Advance kit (for P-proteins; GE Healthcare, Piscataway, NJ).
X-ray films were then scanned using an Agfa T1200 scanner with
Photolook software for quantification.

Lysolecithin injection, demyelination of the corpus callosum, and ET-R
antagonist infusion. Demyelination of the CC was induced in deeply anes-
thetized 6- to 8-week-old mice by stereotaxic injection of 2 �l of a 1%
LPC solution (Sigma) in 0.9% NaCl (Hall, 1972; Nait-Oumesmar et al.,
1999). Anesthesia was induced with ketamine (100 mg/kg body weight;
Imalgene; Rhone-Merieux, Lyon, France) and xylazine (10 mg/kg body

weight; Rompun; Centravet, Plancoet, France) dissolved in 0.9% sterile
saline. Lysolecithin was injected into the CC with a 5 �l Hamilton sy-
ringe. Stereotaxic coordinates were 5.5 mm anterior to the lambda, 1 mm
lateral to the bregma, and 2.5 mm deep from the skull surface. Sham
controls were injected with 2 �l of saline only. The injection site was
labeled with charcoal dust. Scalp incisions were closed with Vetbond
thread. Brain tissue of injected mice was then analyzed by immunohis-
tochemistry at 2, 5, 7, and 11 d after LPC injection (Aguirre et al., 2007).

For Bosentan infusion, the antagonist was dissolved in sterile saline
(0.9% NaCl) and placed in a mini-osmotic pump connected to a 30-
gauge stainless-steel cannula through polyethylene catheter tubing (Alzet
1002 and brain infusion kit; Durect, Cupertino, CA). The prefilled
pumps were placed in 0.9% saline overnight at 37°C to assure the pump-
ing steady state was reached before implantation. Because the flow rate of
the pumps was 0.25 � 0.02 �l/h, as determined by the supplier, the
concentration of Bosentan was fixed at 15 �M, to give an application dose
of 90 pmol/d, and the concentration of BQ788 was fixed at 50 �M, to give
an application dose of 300 pmol/d. The osmotic pump was inserted into
a subcutaneous pocket below the neck, leading the catheter to the site for
cannula placement. After the skull was exposed, and lysolecithin was
injected into the CC with a 5 �l Hamilton syringe as described above, the
brain infusion cannula was inserted through the same perforation and
attached to the skull using cyanoacrylate adhesive for drug delivery at the
site of the lesion (stereotaxic coordinates 5.5 mm anterior to the lambda,
1 mm lateral to the bregma, and 2 mm deep from the skull surface). The
length of the connecting catheter tubing was calculated to hold 12 �l, and
it was filled up with 0.9% NaCl so that only saline could be infused for the
first 2 d after lysolecithin injection, and drug delivery would not interfere
with the formation of the lesion. After this period, drug infusion would
start and continue for other 5 d. Control animals were infused with 0.9%
saline in the same manner. Mice were killed 7 d after lysolecithin injec-
tion. Brain tissue was processed for immunohistochemistry as previously
described (Aguirre et al., 2007).

To determine ET-1 and GFAP expression levels within the demyeli-
nating lesion, stereotaxic injections of LPC in the CC of the C57BL/6
mice were performed as described above. The procedure for tissue dis-
section and Western blot analysis was as previously described (Aguirre et
al., 2007). Saline and Vestagreen dye (Sigma) were injected ipsilaterally as
controls. Five days and 12 d after injection, CC tissue was microdissected
from 300-�m-thick coronal sections. The area of LPC-induced lesion
was identified and dissected out based on disruption of white matter
cytoarchitecture. Corresponding saline-injected CC tissue was dissected
based on Vestagreen staining. Proteins were extracted and separated by
Western blot as described above. ET-1 protein levels were expressed as
arbitrary units after normalization with actin using control levels as
reference.

Immunohistochemistry in tissue sections. Anti-MBP and anti-GFAP im-
munostaining was performed as previously described (Aguirre et al.,
2007). Proliferation of GFAP � astrocytes after demyelination was as-
sayed by anti-Ki-67 immunostaining, as previously described (Aguirre
and Gallo, 2004; Aguirre et al., 2007). Anti-phosphorylated JNK staining
was performed as described by Cole-Edwards et al. (2006).

Results
ET-R activation regulates reactive astrogliosis after corpus
callosum demyelination
It has been previously proposed that ET-1 might be one of the
cellular signals involved in promoting reactive gliosis through
activation of ET-Rs in astrocytes (Uesugi et al., 1996; Rogers et al.,
2003). Therefore, we used the LPC focal demyelination model to
determine whether ET-1 and ET-Rs regulate astrocytic prolifer-
ation and reactive gliosis after white matter lesion (Woodruff and
Franklin, 1999). We have previously demonstrated that in white
matter regions of adult CNP-EGFP mice, EGFP expression is
exclusively limited to oligodendrocytes (Yuan et al., 2002; Agu-
irre et al., 2007); therefore, these mice represent an ideal animal
model to investigate the cellular effects of focal demyelination in
corpus callosum (see also Aguirre et al., 2007).
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Figure 1. Focal demyelination of the mouse corpus callosum causes ET-1 upregulation in the demyelinated lesion, reactive gliosis, and JNK phosphorylation in reactive astrocytes. CNP-EGFP
mouse brains were injected with lysolecithin and immunostained with anti-GFAP at 5 dpl. A, B, Anti-GFAP immunostaining shows significant upregulation of GFAP expression and increase in
astrocyte number in the lesion area (B), compared with the contralateral side (A). C, Western blot analysis of GFAP expression in the lesion shows significant upregulation at 5 and 10 dpl but not at
2 dpl. Averages � SEM are shown (n � 3 independent experiments). *p � 0.05 (Student’s t test). D1–D3, Anti-GFAP and anti-P-JNK immunostaining reveals the presence of GFAP �P-JNK �

astrocytes limited to the area of reactive gliosis in the lesion. Scale bar: (in B) A, B, D1–D3, 50 �m. E, Western blot analysis of ET-1 expression in the lesion at 2–10 dpl. Band intensity measurements
showed a peak 4.5-fold upregulation of ET-1 levels in the lysolecithin-injected side, compared with sham at 5 dpl. Averages � SEM are shown (n � 3 independent experiments). *p � 0.05;
**p � 0.01 (Student’s t test).
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Stereotaxic injection of LPC into the rostral CC of CNP-EGFP
mice induced focal demyelination within 3–5 d (supplemental
Fig. 1A,B, available at www.jneurosci.org as supplemental mate-
rial) (Aguirre et al., 2007). Five days after lysolecithin injection [5

d postlesion (dpl)], immunohistochemical
analysis revealed a focal depletion of MBP
expression and of CC1�EGFP� oligoden-
drocytes in the area immediately surround-
ing the injection site (supplemental Fig.
1A–D, available at www.jneurosci.org as
supplemental material). At 2 dpl, no in-
crease in GFAP� cells was detected in the
lesion, compared with the contralateral
side (supplemental Fig. 2A,B, available at
www.jneurosci.org as supplemental mate-
rial). By 5 dpl, an increase in the number of
GFAP� astrocytes was observed in the le-
sion area, compared with sham saline-
injected brains (Fig. 1A,B; supplemental
Fig. 2C,D, available at www.jneurosci.org as
supplemental material) (Woodruff and
Franklin, 1999). These astrocytes displayed
higher levels of GFAP protein expression
(Fig. 1A,B) and enhanced cell proliferation,
as demonstrated by anti-Ki67 immuno-
staining (Fig. 2D,E,K). Western blot anal-
ysis of GFAP protein expression in the le-
sion confirmed the immunocytochemical
results. A peak of GFAP expression could be
detected at 5 dpl, whereas no significant
GFAP upregulation was observed at
2 dpl (Fig. 1C, supplemental Fig. 2, avail-
able at www.jneurosci.org as supplemental
material).

It has been demonstrated that JNK ac-
tivation causes GFAP accumulation in as-
trocytes (Tang et al., 2006) and that JNK
phosphorylation is induced in reactive as-
trocytes after partial sciatic nerve ligation
or after kindling (Ma and Quirion, 2002;
Cole-Edwards et al., 2006). Therefore, we
examined whether increased JNK phos-
phorylation was detectable in reactive as-
trocytes in demyelinated lesions. In cor-
pus callosum at 5 dpl, high levels of anti-
P-JNK immunostaining were revealed in
the majority of GFAP � reactive astro-
cytes (Fig. 1 D1–D3). Importantly, P-JNK
expression was clearly limited only to the
lesion area corresponding to the region of
higher GFAP � cell density (Fig. 1 D1–
D3). JNK phosphorylation was only at
background levels in regions of the brain
outside of the lesion and was not associ-
ated with GFAP � astrocytes (Fig. 1 D1–
D3; supplemental Fig. 2, available at www.
jneurosci.org as supplemental material).

First, we examined ET-1 expression in
the lesion and found that levels of this
peptide were strongly upregulated, com-
pared with sham (Fig. 1 E). At 2 dpl, a
significant increase in ET-1 expression
was detected in the lesion, compared with

the contralateral, saline-injected side. This upregulation of
ET-1 expression was maximal at 5 dpl and decreased to ap-
proximately sham levels at 10 dpl (Fig. 1 E). At this time, sig-
nificant remyelination had occurred, whereas reactive gliosis

Figure 2. In vivo infusion of a pan-ET-R antagonist reduces JNK phosphorylation and reactive gliosis after corpus callosum demyeli-
nation. CNP-EGFP mouse brains were injected with lysolecithin, infused with saline or Bosentan starting at 2 dpl for 5 d, and immuno-
stained with anti-GFAP, anti-Ki67, and anti-P-JNK at 7 dpl. A–C, Focal demyelination after lysolecithin injection enhances GFAP �

astrocyte number and GFAP expression in the demyelinated lesion area infused with saline (B), compared with contralateral sham (A).
Infusion with the pan-ET-R antagonist Bosentan (C; 15 �M) for 5 d reduces GFAP � astrocyte cell number and GFAP upregulation in the
demyelinated lesion area, compared with saline infusion (B). Insets, High magnification of typical GFAP � astrocytes under the different
conditions. Scale bar, 50 �m. D–F, Anti-Ki67 immunostaining demonstrates that Bosentan infusion (F ) also reduces GFAP � cell
proliferation, compared with saline infusion (E). G–I, Anti-P-JNK immunostaining demonstrates that focal demyelination after lysolec-
ithin injection enhances P-JNK �GFAP � astrocyte number in the demyelinated lesion area infused with saline (H ), compared with
contralateral sham (G). Bosentan infusion (I ) reduces the number of P-JNK �GFAP � cells, compared with saline infusion (H ). Scale bar:
(in E) D–I, 50 �m. J–L, Inhibitory effects of Bosentan on the increase in total GFAP � cells (J ), GFAP � cell proliferation (K ), and total
P-JNK �GFAP � cells (L). Averages�SEM are shown. Total number of cells counted for each condition ranged between 1280 and 1605
(n � 5 independent experiments). **p � 0.01 (Student’s t test). N.S., Not significant.
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had considerably decreased (Aguirre et al., 2007; A. Gadea and
V. Gallo, unpublished data).

Second, we blocked ET-R activation in the lesion with the
pan-ET-R antagonist Bosentan, which prevents activation of
both ETA-Rs and ETB-Rs (Clozel et al., 1994). Beginning at 2
dpl to avoid interference with the demyelination process,
brains were infused for 5 d with a cannula positioned in the CC
itself. Bosentan prevented reactive gliosis and significantly de-
creased the total number of GFAP � astrocytes around the
lesion area (Fig. 2 A–C,J ). This effect was caused by a signifi-
cant inhibition of cell proliferation, as demonstrated by a
strong decrease in the percentage of GFAP �Ki67 � astrocytes
in lysolecithin-injected brains infused with Bosentan, com-
pared with saline-infused brains (Fig. 2 D–F,K ). The ET-R
antagonist also prevented astrocyte hypertrophy, as demon-
strated by attenuated GFAP expression (Fig. 2 B, C, E, F ).
Bosentan did not affect GFAP � astrocyte viability, as deter-
mined by caspase-3 immunostaining (�1% of caspase-
3 �GFAP � astrocytes were detected in either saline- or
Bosentan-infused lesions). Bosentan also partially restored ol-
igodendrocyte numbers in the lesion by �40% (Fig. 2C,F ),
either by a direct effect of the antagonist on ET-R-expressing
oligodendrocyte progenitor migration (Gadea and Gallo,
2005) or through indirect effects as a result of reduced astro-
gliosis (Back et al., 2005).

Finally, Bosentan infusion also reduced the number of
P-JNK �GFAP � astrocytes in the lesion. In sham saline-
injected corpus callosum at 7 dpl, only a few GFAP � astrocytes
were immunostained by the anti-P-JNK antibodies, most
likely as a consequence of the injection itself (Fig. 2G). Con-
versely, at the same time point, high levels of anti-P-JNK im-
munostaining were revealed in all GFAP � reactive astrocytes
in lysolecithin-injected saline-infused brains (Fig. 2 H). The
percentage of GFAP �P-JNK � cells in the lesion of saline-
infused brains was twofold higher than in sham (Fig. 2 L).
Finally, consistent with the results obtained on Ki67 immuno-
staining, Bosentan infusion reduced the number of GFAP �P-
JNK � astrocytes at 7 dpl (Fig. 2 I, L).

Based on our previous study (Schinelli et al., 2001) and on the
results obtained in cultured astrocytes in the present study (see
Fig. 4), we also investigated the effects of the selective ETB-R
antagonist BQ788 on astrogliosis in vivo. Consistent with the data
obtained with Bosentan and with the analysis in cultured cells
(see Fig. 4), infusion of BQ788 reduced the number of GFAP�

astrocytes in the lesion and their proliferation (Fig. 3A,B). Fur-
thermore, the ETB-R antagonist also decreased the percentage of
GFAP�P-JNK� cells in the lesion (Fig. 3C). Similar to Bosentan,
also BQ7888 did not affect GFAP� astrocyte viability, as deter-
mined by caspase-3 immunostaining (�1% of caspase-
3�GFAP� astrocytes were detected in either saline- or BQ788-
infused lesions).

In summary, these findings indicate (1) ET-1 levels are
strongly upregulated in demyelinated lesions concurrently
with reactive gliosis; (2) blockage of ET-Rs with either a pan-
or an ETB-R-selective antagonist attenuates reactive gliosis
after demyelination in vivo, by preventing astrocyte prolifera-
tion and JNK phosphorylation; and (3) blockage of ET-Rs
does not affect astrocyte survival in the lesion. These results
strongly suggest that ET-1 might be one of the endogenous
cellular signals that promote reactive gliosis after demyelina-
tion in vivo.

ET-1 induces a reactive phenotype in cultured
cortical astrocytes
The changes observed in astrocytes in vivo after Bosentan perfu-
sion could be caused by effects of the antagonist on other cell
types present in the lesion expressing ET-Rs, including endothe-
lial cells or oligodendrocyte lineage cells (Gadea and Gallo, 2005).
Therefore, we wanted to determine whether ET-1 directly acti-
vates ET-Rs in astrocytes to induce phenotypic changes in these
cells similar to those observed during the process of reactive gli-
osis in vivo.

Pure primary astrocyte cultures were incubated with ET-1
(100 nM) for 48 h, and cell proliferation was assessed. Figure 4, A,
B, and D, shows that ET-1 strongly promoted astrocyte prolifer-
ation, as determined by Ki67 immunostaining of GFAP� cells.
The effects of ET-1 on astrocyte proliferation were prevented by
the pan-antagonist Bosentan and by the ETB-R antagonist
BQ788, but not by the ETA-R antagonist BQ123 (Fig. 4C,D).
ET-1 also increased astrocyte cell number, as determined by total
DNA content per dish, and the ETB-R antagonist selectively
blocked this effect (Fig. 4E).

It has been previously described that reactive astrocytes ex-
press higher GFAP levels than normal astrocytes (Ridet et al.,
1997; McGraw et al., 2001; Nolte et al., 2001; Egnaczyk et al.,
2003). Incubation of culture astrocytes with ET-1 (100 –200 nM)
for 48 h significantly enhanced GFAP protein levels (Fig. 4F).
Bosentan treatment strongly reduced ET-1-induced GFAP in-
duction (Fig. 4F).

In summary, these data indicate that ET-1 induces a reactive
phenotype in cultured astrocytes by enhancing both cell prolifer-
ation and GFAP expression.

ET-1 induces JNKs and p38MAPK phosphorylation in
cortical astrocytes
Previous studies demonstrated that, in cultured astrocytes, ET-1
mediates its cellular effects via the activation of MEK- and ERK-
dependent pathways, which in turn induce the phosphorylation
of downstream transcription factor targets (Lazarini et al., 1996;
Cazaubon et al., 1997; Schinelli et al., 2001). To investigate the
molecular mechanisms by which ET-1 exerts its effects in astro-
cytes, we first examined whether other MAPK-dependent signal

Figure 3. In vivo infusion of an ETB-R antagonist reduces JNK phosphorylation and reactive
gliosis after corpus callosum demyelination. CNP-EGFP mouse brains were injected with lyso-
lecithin, infused with saline or the ETB-R antagonist BQ788 starting at 2 dpl for 5 d, and immu-
nostained with anti-GFAP, anti-Ki67, and anti-P-JNK at 7 dpl. A, Focal demyelination after
lysolecithin injection enhances GFAP � astrocyte number and GFAP expression in the demyeli-
nated lesion area infused with saline, compared with contralateral sham. Infusion with the
ETB-R antagonist BQ788 (50 �M) for 5 d reduces GFAP � astrocyte cell number and GFAP up-
regulation in the demyelinated lesion area, compared with saline infusion. B, Anti-Ki67 immu-
nostaining demonstrates that BQ788 infusion also reduces GFAP � cell proliferation, compared
with saline infusion. C, Anti-P-JNK immunostaining demonstrates that focal demyelination
after lysolecithin injection enhances P-JNK �GFAP � astrocyte number in the demyelinated
lesion area infused with saline, compared with contralateral sham. BQ788 infusion reduces the
number of P-JNK �GFAP � cells, compared with saline infusion. Averages � SEM are shown.
Total number of cells counted for each condition ranged between 820 and 1641 (n � 3 inde-
pendent experiments). **p � 0.01 (Student’s t test). N.S., Not significant.
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transduction pathways, including JNK and p38MAPK, could be
activated by ET-1 in our experimental model.

Time course analysis in confluent rat cortical astrocyte cul-
tures revealed a small increase in ET-1-induced phosphorylation
of the p54JNK isoform as early as 5 min after stimulation (Fig.
5A). The effect of ET-1 on p54JNK phosphorylation reached a
plateau between 20 and 30 min (Fig. 5A). In contrast, the same
stimulation paradigm did not significantly affect the phosphory-
lation state of the p46JNK isoform (Fig. 5A). The temporal pat-
tern of ET-1-induced p38MAPK phosphorylation also showed a
maximal effect at 20 min, but the kinetics of phosphorylation was
more rapid, being detectable at 1 min (Fig. 5B). Analysis of the
same protein extracts using specific antibodies that recognize
JNK isoforms or p38MAPK independently of their phosphoryla-
tion state demonstrated that, under our experimental conditions,
ET-1 did not modify the total levels of these two kinases (Fig.
5A,B).

Finally, pretreatment of cells for 30 min with CEP-11004 (5
mM), an inhibitor of the mixed lineage kinase (MLK) family act-
ing upstream of JNKs, blocked ET-1-induced p54JNK phosphor-
ylation, without affecting the total levels of JNKs (Fig. 5C). Alto-
gether, these data indicate that ET-1 activates both the JNK and
the p38MAPK pathway in astrocytes.

ET-1 induces c-jun phosphorylation through a JNK-
dependent pathway and ATF-2 phosphorylation through
JNK- and p38MAPK-dependent pathways
In a variety of cell types, activation of the JNK- and p38MAPK-
dependent pathways results in the phosphorylation of down-
stream targets, including the immediate early gene c-jun and the
transcription factor ATF-2 (Pearson et al., 2001). Using anti-
phospho antibody directed against the Ser-63 residue of c-Jun,
we found that ET-1 increased phosphorylation of the immediate
early gene within 5 min of exposure, with a maximal effect at 20

Figure 4. ET-1 induces a reactive astrocyte phenotype in culture. A–C, ET-1 promotes GFAP expression and cell proliferation in cultured astrocytes. Cortical astrocytes were incubated with saline
(control; A), ET-1 (100 nM; B), or ET-1 (100 nM) plus Bosentan (2 �M; C) for 48 h. In C, cells were preincubated with Bosentan for 30 min, before exposure to ET-1. Cells were then stained with
anti-GFAP, anti-Ki67, and DAPI. Note the increase in GFAP and Ki67 immunostaining in cells treated with ET-1 (B), compared with controls (A), and the decrease in GFAP and Ki67 expression in cells
cultured with ET-1 plus Bosentan (C), compared with ET-1 alone (B). Small panels show immunostaining for individual antigens in the same microscopic field. Scale bar, 50 �m. D, E, The effects
of ET-1 on astrocyte proliferation were quantified by counting the percentage of total DAPI � cells that were Ki67 � (D) or the total number of cells (E). Incubation with ET-1 increased the
percentage of Ki67 � cells and the total astrocyte cell number. The pan-antagonist Bosentan (2 �M) and the ETB-R antagonist BQ788 (2 �M) prevented the effects of ET-1, whereas the ETA-R
antagonist BQ123 (2 �M) was ineffective. In both D and E, data are shown as averages � SEM (n � 3 independent experiments). The total number of cells counted in D ranged between 1560 and
1800. D, E, *p � 0.01. F, Incubation of astrocytes with ET-1 (100 –200 nM) for 48 h enhanced GFAP protein expression (top), and the effect of ET-1 was reduced by Bosentan (2 �M; bottom). Actin
is also shown from the same blots as internal control for equal protein loading.
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min (Fig. 6A, Table 1). This time course of c-Jun phosphoryla-
tion correlated with P-JNK levels (Fig. 5A). The overall expres-
sion levels of c-Jun were not significantly modified by ET-1 treat-
ment within a 30 min time frame (Fig. 6A). ET-1-induced c-Jun
phosphorylation was prevented by the ETB-R antagonist BQ788,
but not by the ETA-R antagonist BQ123 (Fig. 6B).

ET-1-induced c-Jun phosphorylation was also revealed by im-
munostaining of cultured astrocytes with antibodies for P-c-Jun
(Fig. 6C). In quiescent, unstimulated astrocytes, P-c-Jun was only
detected in GFAP� cells in metaphase (Fig. 6C1,C3). Conversely,
the majority of ET-1-treated astrocytes expressed high levels of
nuclear P-c-Jun (Fig. 6C2,C4).

In a second set of experiments, we used an anti-phospho an-
tibody directed against the Ser-73 residue of ATF-2 and demon-
strated that ET-1 also increased ATF-2 phosphorylation in astro-
cytes with a time course very similar to that of c-Jun (Fig. 6D).

ET-1 did not modify the total levels of ATF-2 protein (Fig. 6D).
Also in this case, the ETB-R antagonist BQ788 blocked ET-1-
induced ATF2 phosphorylation, but the ETA-R antagonist
BQ123 was ineffective (Fig. 6E).

We then investigated whether different pharmacological in-
hibitors of the JNK pathway modified the effects of ET-1 on c-Jun
and ATF2 phosphorylation. ET-1-induced c-Jun phosphoryla-
tion was abolished by preincubating the cells for 30 min with
either the MLK inhibitor CEP-11004 (5 mM) or the specific JNK
kinase inhibitor SP600125 (10 mM) (Fig. 7A). In contrast, the two
specific p38MAPK inhibitors SB203580 (10 mM) and SB202190
(10 mM) had no appreciable effects on ET-1-induced c-Jun phos-
phorylation (Fig. 7B). Reprobing the membranes with
phosphorylation-state independent antibodies showed that ET-1
did not modify the total levels of c-Jun protein (Fig. 7A,B).

Inhibition of the JNK-dependent pathway by preincubation
of the cells with either CEP-11004 or with SP600125 also de-
creased ET-1-induced ATF2 phosphorylation (Fig. 7C). Further-
more, the p38MAPK inhibitors SB202580 and SB202190 attenu-
ated ET-1-induced ATF2 phosphorylation to a similar extent
without modifying the total levels of ATF2 protein (Fig. 7D).

Together, these data demonstrate that c-Jun phosphorylation
is specifically detected in GFAP� astrocytes induced to prolifer-
ate by ET-1. Our results also indicate that ET-1 causes c-Jun
phosphorylation in cultured astrocytes primarily through JNK
kinases, and that the concomitant activation of JNK- and
p38MAPK-dependent pathways causes phosphorylation of the
downstream transcription factor ATF2.

ET-1-induces c-jun transcription through activation of ERK-
and JNK-dependent pathways
We first assessed the effect of ET-1 on c-jun transcription in as-
trocytes by measuring c-jun mRNA levels by quantitative real-
time RT-PCR. A threefold increase in c-jun mRNA expression
was detected within 30 min of exposure to ET-1, and reached a
maximum 4.5-fold increase at 60 min (Fig. 8A).

The CRE/AP-1-like transcription factor binding sites present
in the c-jun promoter may also bind the transcription factor
CREB as homodimer, or as heterodimer in combination with
ATF-1. In a previous study, we demonstrated that ET-1 induces
CREB and ATF-1 phosphorylation in astrocytes primarily via an
ERK-dependent pathway (Schinelli et al., 2001). Consistent with
our previous findings and with the results reported in the present
study, we observed that ET-1-induced c-jun mRNA expression in
astrocytes was not affected by the p38MAPK inhibitor SB202190,
but was significantly reduced by the MEK inhibitor U0126 or by
the JNK inhibitor SP600125 (Fig. 8B). Combination of the two
inhibitors further reduced the effects of ET-1 on c-jun mRNA
levels (Fig. 8B).

To rule out a possible effect of ET-1-induced signaling cas-
cades on c-jun translation (Clerk et al., 2002), we also determined
the effect of ET-1 on the total amount of c-Jun protein by West-
ern blot. The time course pattern of c-Jun protein expression
correlates with that of c-jun mRNA expression except for the
typical time shift between transcriptional and translational
mechanisms. The expression of c-Jun protein slightly increased
within 60 min, reached a peak at �2 h, and then declined to
almost basal levels within 4 h (Fig. 8C). These findings indicate
that in our cell system the main regulatory mechanism of the
observed increased c-Jun protein expression induced by ET-1
occurs at transcriptional level.

Similar to c-jun mRNA, both the MEK inhibitor U0126 and
the JNK inhibitor SP600125 partially reduced ET-1-induced

Figure 5. ET-1 induces JNKs and p38MAPK phosphorylation in rat cortical astrocytes. A, B,
Time course of ET-1-induced JNK (A) and p38MAPK (B) phosphorylation. Cells were stimulated
with 100 nM ET-1 for the indicated times, and total cell lysates were analyzed by Western blot (as
described in Materials and Methods) using an anti-P-JNK antibody (A, top) or an anti-P-
p38MAPK antibody (B, top). The same blots were then stripped and incubated with
phosphorylation-state independent anti-JNK or anti-p38MAPK antibodies to normalize for the
total (phosphorylated plus nonphosphorylated) amounts of JNKs (A, bottom) and p38MAPK (B,
bottom). C, ET-1 induces JNK phosphorylation via the upstream kinase MLK. Cells were prein-
cubated for 30 min with the MLK inhibitor CEP-11004 (5 mM) and then treated with 100 nM ET-1
for 20 min. Total cell lysates were then analyzed for P-JNK phosphorylation (C, top) or total JNK
(C, bottom) as described above. Data are representative of three independent experiments.
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Figure 6. ET-1 induces c-jun and ATF2 phosphorylation in astrocytes. A, D, Time course of ET-1-induced c-Jun (A) and ATF2 (D) phosphorylation. Cells were stimulated with 100 nM ET-1 for the
indicated times, and total cell lysates were analyzed by Western blot using an anti-P-c-Jun antibody or an anti-P-ATF2 antibody. The same blots were then stripped and incubated with
phosphorylation-state independent anti-c-Jun or anti-ATF2 antibodies to normalize for the total (phosphorylated plus nonphosphorylated) amounts of c-Jun (A, bottom) and ATF2 (D, bottom). C,
P-c-Jun immunostaining of cultured astrocytes incubated with saline (C1, C3) or ET-1 (200 nM; C2, C4 ) for 20 min. In quiescent, unstimulated astrocytes, P-c-Jun was only detected in GFAP � cells
in metaphase (C3), whereas the majority of ET-1-treated astrocytes expressed high levels of nuclear P-c-Jun (C2, C4 ). Small panels show immunostaining for individual antigens in the same
microscopic field. Scale bar, 50 �m. B, E, ET-1-induced c-Jun and ATF2 phosphorylation is selectively blocked by the ETB-R antagonist BQ788, but is not modified by the ETA-R antagonist BQ123. The
same blots were then stripped and incubated with phosphorylation-state independent anti-c-jun or anti-ATF2 antibodies to normalize for the total (phosphorylated plus nonphosphorylated)
amounts of c-jun (B, bottom) and ATF2 (E, bottom). Data are representative of three independent experiments.
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c-Jun protein upregulation (Fig. 8D), and the combination of the
two inhibitors completely prevented c-Jun increase triggered by
the peptide (Fig. 8D).

Together, these observations show that the ERK- and the
JNK-dependent pathways are the two main signaling cascades
involved in the regulation of c-jun transcription by ET-1. Activa-
tion of ERK and JNK pathways involves phosphorylation of the
downstream transcription factors CREB and ATF-1 (Schinelli et
al., 2001), and c-Jun and ATF-2, respectively.

ET-1 induces astrocyte proliferation and GFAP expression
through activation of ERK- and JNK-dependent pathways
Phosphorylation of the transcription factors c-Fos and c-Jun in-
creases their heterodimer complex affinity for DNA AP-1 bind-
ing site, and triggers gene transcription. Previous reports demon-
strated that ET-1 promotes astrocyte proliferation through
regulated transcription of a variety of genes, including cyclin ki-
nases, which contain AP-1 binding sites in their promoter regions
(Shaulian and Karin, 2001). We have previously shown that ET-1
causes an increase in c-Fos expression in cultured astrocytes
through ERK activation, and here we demonstrate that ET-1 in-
duces an increase in c-Jun expression through JNK. Therefore,
we wanted to determine whether the kinase pathway inhibitors
that prevent ET-1-induced c-Fos and c-Jun expression in astro-
cytes also affect ET-1-induced cell proliferation.

ET-1 treatment of astrocytes increased cell proliferation by
�40%, compared with untreated cultures (Fig. 9A). The inhibi-
tors SP600125 (10 mM) and U0126 (10 mM) by themselves did
not modify the effects of ET-1 on cell proliferation (Fig. 9A),
whereas treatment with the combination of U0126 (10 mM) and
SP600125 (10 mM) completely inhibited the effects of ET-1 on
cell proliferation (Fig. 9A). Similarly, U0126 and SP600125 by
themselves did not modify the effects of ET-1 on GFAP expres-
sion in astrocytes, but completely prevented ET-1-induced GFAP
expression when used in combination (Fig. 9B).

These findings are consistent with a combined and synergistic
contribution of signaling cascades converging on c-Fos and c-Jun
activation in the modulation of rat cortical astrocyte proliferation
and GFAP expression elicited by ET-1.

Modulation of c-Jun expression by gain and loss of function
modifies astrocyte proliferation
The finding that ET-1 promotes c-Jun expression and astrocyte
proliferation through convergent signal transduction pathways
prompted us to investigate by a gain- and loss-of-function ap-
proach whether direct modulation of c-Jun levels modified the
effects of ET-1 on cell proliferation.

In a first set of experiments, we transfected astrocytes with an
IRES bicistronic vector encoding GFP, together with wild-type
c-jun (wt c-jun-IRES) or with the truncated c-jun form TAM67

(dn c-jun-IRES), which lacks the AP-1 binding site domain
(Freemerman et al., 1996). The effects of overexpressing these
two exogenous c-Jun protein isoforms were then assessed by
BrdU incorporation (Fig. 9C). Expression of wt c-jun-IRES in-
creased both basal and ET-1-induced astrocyte proliferation,
compared with cells transfected with the empty vector (Fig. 9C).
Conversely, overexpression of dn c-jun-IRES did not signifi-
cantly modify basal astrocyte proliferation, but abrogated the
effects of ET-1 (Fig. 9C).

In a second set of experiments, we used the complementary
loss-of-function approach of small interference siRNA transfec-
tion to modify c-Jun expression levels. Astrocytes were trans-
fected with a combination of two synthetic double-stranded siR-
NAs targeted to c-jun mRNA. In siRNA-treated cells, basal c-Jun
levels were reduced by �95% (Fig. 9D), whereas in untreated
astrocytes or in astrocytes transfected with scrambled siRNA,
c-jun mRNA levels were not significantly modified (Fig. 9D).
Consistent with these findings, total cell number estimates (Fig.
9E) and anti-Ki-67 immunostaining (Fig. 9F) showed that ET-1-
induced astrocyte proliferation was prevented only in c-jun
siRNA-treated cells, compared with untreated astrocytes, but not
in cells transfected with scrambled siRNA. Astrocyte viability was
not affected by c-jun overexpression or siRNA transfection, as
assessed by caspase-3 immunostaining of the cultures. Under all
conditions shown in Figure 9C–F, �1% of the cells were
caspase-3� (data not shown).

In conclusion, these pharmacological and gain- and loss-of-
function studies demonstrate that ET-1-induced astrocyte pro-
liferation functionally requires c-Jun.

Discussion
The endothelinergic system is involved in a wide variety of func-
tions and pathological processes in the CNS (MacCumber et al.,
1990; Rubanyi and Polokoff, 1994; Nie and Olsson, 1996;
Schinelli, 2006), and astrocytes are a major target cell population
of ET-1 in the brain (MacCumber et al., 1990; Cazaubon et al.,
1997; Rogers et al., 1997, 2003; Baba, 1998; Schinelli et al., 2001;
Hasselblatt et al., 2003; Koyama et al., 2003; Blomstrand et al.,
2004; Blomstrand and Giaume, 2006; Schinelli, 2006). Our report
defines the involvement of a specific intracellular signal transduc-
tion pathway, JNK/c-Jun, in the cellular effects of ET-1 on astro-
cytes, particularly on cell proliferation (Fig. 10). Therefore, our
study is relevant to both astrocyte pathophysiology and to our
understanding of the role of endothelins in the CNS.

The detrimental effects of astrogliosis on brain cell repair are
well established in different injury models, including white mat-
ter demyelination (Woodruff and Franklin, 1999; Back et al.,
2005). A recent study demonstrated a functional link between
JNK activation and GFAP accumulation in astrocytes (Tang et al.,
2006). Furthermore, c-Jun activation and JNK phosphorylation
have been demonstrated in reactive astrocytes in different animal
models of pathology (Lee et al., 2004; Nakagawa and Schwartz,
2004; Hashimoto et al., 2005; Cole-Edwards et al., 2006). How-
ever, the extracellular signals that induce c-Jun expression in re-
active astrocytes have not been identified, and a direct causal
relationship between c-Jun activation and reactive gliosis has not
been established. In the present study, we show that ET-1 induces
both c-Jun activation and a reactive phenotype in astrocytes, and
that ET-1-induced astrocyte proliferation requires functional ac-
tivation of the c-Jun/JNK pathway.

We show that the ETB-R subtype mediates the effects of ET-1
on astrocyte proliferation. Both ETA- and ETB-Rs are expressed
by astrocytes in vivo and in culture (MacCumber et al., 1990;

Table 1. Time course of ET-1-induced c-Jun phosphorylation

Time (min) Fold increase over control (time 0)

1 1.25 � 0.14
5 1.53 � 0.17
10 1.78 � 0.13
20 2.94 � 0.24**
30 1.99 � 0.19*

Cultured astrocytes were serum deprived for 18 h and incubated with 100 nM ET-1 for different times (1–30 min).
Cells were then harvested and processed for P-c-jun Western blot. Data were obtained from x-ray P-c-jun densitom-
etry and are expressed as fold increase in ET-1-induced c-Jun phosphorylation over unstimulated cells (time 0). Data
are averages � SEM of three independent experiments performed on separate astrocyte cultures. *p � 0.05;
**p � 0.001 (Student’s t test).
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Rubanyi and Polokoff, 1994; Lazarini et al.,
1996; Cazaubon et al., 1997; Rogers et al.,
1997, 2003; Sakurai-Yamashita et al., 1997;
Baba, 1998; Koyama et al., 1999; Teixeira et
al., 2000; Schinelli et al., 2001; Schinelli,
2006). Previous studies indicate that ET-1-
induced astrocyte proliferation and hyper-
trophy are mainly mediated by ETB-Rs
(Koyama et al., 1999; Rogers et al., 2003).
ETB-R activation has also been linked to en-
hanced expression of both BDNF (brain-
derived neurotrophic factor) (Koyama et
al., 2005b) and neurotrophin-3 (Koyama et
al., 2005a) in astrocytes. In the present
study, we used selective ET-R antagonists
to demonstrate that both ET-1-induced as-
trocyte proliferation and c-Jun phosphory-
lation are attributable to activation of
ETB-Rs.

Consistent with a role of ET-1 in reac-
tive gliosis after injury, we observed a sig-
nificant increase in ET-1 levels in demyeli-
nated lesions of the corpus callosum within
the same time frame of astrogliosis. The cel-
lular source of ET-1 in these lesions is not
yet established, although endothelial cells
and astrocytes are likely to play a major role
(Tsang et al., 2001). ET-1 is expressed in
reactive murine and human astrocytes
(MacCumber et al., 1990; Jiang et al., 1993;
Ma et al., 1994; Zhang et al., 1994; Tsang et
al., 2001; Desai ate al., 2004), and prelimi-
nary analysis in our laboratory indicates
that cultured astrocytes synthesize ET-1
and release this peptide in the extracellular
medium (Gadea and Gallo, unpublished
data). Moreover, we also observed in-
creased ET-1 immunoreactivity in GFAP�

astrocytes in vivo within 1 week after lyso-
lecithin injection in corpus callosum
(Gadea and Gallo, unpublished data). Fur-
ther analysis will establish the cell type(s)
releasing ET-1 after demyelination and will
determine whether this peptide causes
physiological changes in other classes of
cells (e.g., oligodendrocytes) in white mat-
ter lesions.

Our analysis in cultured astrocytes
shows that both the ERK- and the JNK-
dependent signal transduction pathways
are critically involved in the effects of ET-1
on cell proliferation and GFAP expression.
These pathways appear to be activated also
in reactive astrocytes in vivo, as demon-
strated by enhanced JNK phosphorylation,
which is prevented by Bosentan infusion.
Although we have not yet characterized the
downstream genes that are controlled by
the ERK- and JNK-dependent pathways
and that might be directly involved in pro-
moting astrocyte proliferation, it is likely
that many of these genes are activated by
transcription factors binding to AP-1 regu-

Figure 7. ET-1 induces c-Jun and ATF2 phosphorylation in astrocytes via JNK- and p38MAPK-dependent pathways. A, C, The
JNK-dependent pathway mediates ET-1-induced c-Jun (A) and ATF2 (C) phosphorylation. In both sets of experiments, cells were
preincubated for 30 min with the MLK inhibitor CEP-11004 (5 mM) or the JNK inhibitor SP600125 (10 mM) and then treated with
100 nM ET-1 for 20 min. Total cell lysates were then analyzed by Western blot using an anti-P-c-jun antibody (A, top) or an
anti-P-ATF2 antibody (C, top). B, D, The p38MAPK-dependent pathway mediates ET-1-induced ATF2 (D) but not c-jun (B)
phosphorylation. Cells were preincubated for 30 min with the p38MAPK inhibitors SB203580 (10 mM) or SB202190 (10 mM) and
then treated with 100 nM ET-1 for 20 min. Total cell lysates were then analyzed by Western blot using an anti-P-ATF2 antibody (D,
top) or an anti-P-c-jun antibody (B, top). The blots were then stripped and incubated with phosphorylation-state independent
anti-c-jun or anti-ATF2 antibodies to normalize for the total amounts of c-jun (A, B, bottom) and ATF2 (C, D, bottom). Data are
representative of three independent experiments.

Figure 8. ET-1 increases c-jun expression via multiple signaling transduction pathways. A, Time course of ET-1-induced c-jun
mRNA expression. Cells were stimulated with 100 nM ET-1 for the indicated times, and total RNA was extracted and processed for
quantitative real-time RT-PCR analysis. Data are averages � SEM (n � 3– 4 independent experiments). B, ET-1 increases c-jun
mRNA expression through activation of ERK/JNK-dependent pathways. Cells were preincubated for 30 min with one of the
following inhibitors: p38MAPK inhibitor SB202190 (10 mM), the MEK inhibitor U0126 (10 mM), the JNK inhibitor SP600125 (10
mM), or a combination of U0126 and SP600125. For c-jun mRNA quantification, cells were treated for 60 min with ET-1, and total
RNA was processed as described above. Data are averages�SEM (n�3– 4 independent experiments). *p�0.001 versus ET-1.
**p � 0.05 versus U0126 and SP600125 alone; **p � 0.001 versus ET-1 (Student’s t test). C, Time course of ET-1-induced c-jun
protein expression. Cells were stimulated with 100 nM ET-1 for the indicated times, and total cell lysates were analyzed by
Western blot using an anti-c-jun antibody (C, top) or an anti-tubulin antibody (C, bottom) for normalization of total amount of
loaded proteins. D, ET-1 increases c-jun protein expression through activation of ERK/JNK-dependent pathways. Cells were
treated with 100 nM ET-1 for 2 h in the presence or absence of inhibitors (see B), and total cell lysates were analyzed by Western
blot using an anti-c-jun antibody (D, top) or an anti-tubulin antibody (D, bottom). Note the synergistic effects of SP600125 and
U0126 on both ET-1-induced c-jun mRNA and protein expression.
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latory elements, including dimers of c-Fos, c-Jun, and ATF family
members. Recent studies using cultured cells and genetically
modified mice (Shaulian and Karin, 2001) demonstrated that
AP-1 transcription factors, particularly c-Jun (Raivich and Beh-
rens, 2006), might affect cell proliferation and survival in the
developing and adult injured brain through their ability to mod-
ulate expression of cyclin D1 (Bakiri et al., 2000; Teixeira et al.,
2000) and cyclin D3 (Koyama et al., 2004). Our previous report
(Schinelli et al., 2001) and the present study demonstrate that
ET-1 regulates both components of the AP-1 complex c-Fos and
c-Jun in astrocytes. Therefore, it is likely that cell cycle regulators,
such as cyclin D1 and D3, might be downstream targets of the
ERK- and JNK-dependent pathways activated by ET-1 in
astrocytes.

Activation of the JNK pathway demonstrated in the present
study is at variance with our previous report describing activation

of the ERK and p38 MAPK pathways, but not JNK (Schinelli et
al., 2001). We believe that this is attributable to some experimen-
tal differences between the present study and the previous report.
First, in the present study astrocytes were stimulated with higher
concentrations of ET-1 (100 nM) and for longer periods of time
(20 min) than in the previous report, in which cells were exposed
to 50 nM ET-1 for 10 min. In agreement with our previous report
(Schinelli et al., 2001), also in the present study JNK was not
significantly activated after a 10 min stimulation with ET-1. Sec-
ond, in the present study, we used subconfluent astrocyte cul-
tures to correlate the effects of ET-1 on cell proliferation with
activation of specific pathways. Conversely, in the previous arti-
cle, we used confluent cultures (Schinelli et al., 2001). Finally, our
previous study was exclusively performed on cultured astrocytes,
and we did not examine the effects of ET-1 on cell proliferation
and JNK activation in vivo. In the present study, we performed in

Figure 9. Gain and loss of function demonstrate that ET-1 induces astrocyte proliferation via c-jun. A, ET-1 increases cell proliferation through ERK/JNK-dependent pathways. Cells were treated
for 24 h with 100 nM ET-1 in the presence or in the absence of the following inhibitors: the p38MAPK inhibitor SB202190 (10 mM), the MEK inhibitor U0126 (10 mM), the JNK inhibitor SP600125 (10
mM), or a combination of U0126 and SP600125. Cell proliferation was then assessed by a colorimetric assay, as described in Materials and Methods. Data are expressed as a percentage of BrdU
incorporation in cells cultured without ET-1 (100%). Data are averages � SEM (n � 3 independent experiments). *p � 0.01 (Student’s t test). B, ET-1-induced GFAP expression is prevented by the
combination of SP600125 and U0126 but is not modified by the inhibitors by themselves. All data are representative of three independent experiments. C, Overexpression of c-jun protein increases
astrocyte proliferation and enhances ET-1-induced cell proliferation. Conversely, expression of dominant-negative c-jun dn (c-jun-IRES) prevents the effects of ET-1. Cells were transfected with the
indicated c-jun-IRES bicistronic vectors encoding GFP and then treated for 24 h with 100 nM ET-1. Data are expressed as a percentage of GFP � cells that were also BrdU �. Results are means � SEM
(n � 3 independent experiments), where �1000 GFP � cells were counted in triplicate coverslips for each condition. *p � 0.01 compared with cells transfected with empty vector; **p � 0.01
compared with cells transfected with empty vector (Student’s t test). D, Downregulation of c-jun protein after c-jun siRNA transfection. Cells were untreated (lane 1), transfected for 2 d with
oligofectamine alone (lane 2), transfected with scrambled siRNA (lane 3), or transfected with a mix of two c-jun siRNAs (lane 4). Total cell lysates were analyzed by Western blot using an anti-c-jun
antibody (D, top) or an anti-actin antibody for normalization (D, bottom). E, c-Jun knock-down prevents ET-1-induced astrocyte proliferation. In parallel experiments, c-jun siRNA-treated cells (D)
were stimulated with ET-1 for 24 h, and total cell number was measured as in Figure 4. Data are averages � SEM (n � 3 independent experiments). *p � 0.05 (Student’s t test). F, The same
conditions as in E were tested in a separate set of experiments, and cells were stained with anti-Ki-67 antibodies. A total of 600 – 800 cells per condition were counted. Data are expressed as
averages � SEM (n � 3 independent experiments). *p � 0.01 (Student’s t test).
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vivo analysis, and show that the c-jun/JNK pathway is activated in
reactive astrocytes in vivo. These differences suggest a context-
dependent activation of JNK by ET-1.

Modulation of the expression of immediate early gene (IEG)
family members, such as c-fos and c-jun, is mainly regulated by
transcription factors acting on specific regulatory sites present in
the IEG promoters. The rat c-jun promoter contains several reg-
ulatory elements (Han et al., 1992; Harrison et al., 2004); how-
ever, it is still unclear which of these sites are relevant for c-jun
mRNA transcription. Two AP-1/CRE-like elements, often re-
ferred to as the distal jun1 site and the proximal jun2 site, appear
to be crucial regulatory DNA sequences. These elements bind
c-Jun/ATF2 or CREB/ATF1 transcription factor heterodimers
(Harrison et al., 2004), and analysis in different cell types has
demonstrated that the transactivating potential of c-Jun and
ATF2 is increased after their phosphorylation by the JNKs and
p38MAPK protein kinases (Pearson et al., 2001).

Our present study corroborates these findings by showing that
stimulation of ETB-Rs in astrocytes induces first an increase in
c-Jun phosphorylation and subsequently a rise in c-Jun expres-
sion. Moreover, by using pharmacological inhibitors, we distin-
guished the contribution of the JNK- and p38MAPK-dependent
signaling pathways to the phosphorylation of downstream tran-
scription factors that regulate c-jun expression and its phosphor-
ylation. By using specific kinase inhibitors, we demonstrate that,
after ET-1 treatment, the JNK-dependent pathway induces the
phosphorylation of c-Jun and ATF2, whereas the p38MAPK-
dependent pathway phosphorylates only ATF2. Our finding that
ET-1-induced c-jun mRNA and protein expression are also par-

tially attenuated by a MEK/ERK-dependent pathway inhibitor
points to the involvement of other transcription factors and/or
regulatory elements in the modulation of c-jun gene promoter.
This hypothesis is consistent with findings in cardiac myocytes,
which suggest that ET-1 participates in the regulation of c-jun
expression via an ERK/RSK-dependent pathway, and by induc-
tion of a CREB/ATF1 dimer complex that binds the proximal
c-jun site (Harrison et al., 2004).

The role of the MEK/ERK-dependent pathway and down-
stream transcription factors in the regulation of c-jun expression
has been documented in several experimental models. In HeLa
cells, ATF1 phosphorylation via the ERK-dependent pathway is
required for EGF (epidermal growth factor)-induced c-jun ex-
pression (Gupta and Prywes, 2002). In keratinocytes (Wang et al.,
2006) and neoplastic cells (Chen et al., 2000), the same stimulus
increases c-jun and downstream gene expression via ERK. These
data, together with our previous report showing that ET-1 in-
duces CREB and ATF1 phosphorylation (Schinelli et al., 2001),
support the hypothesis that both the ERK-dependent pathway,
via the CREB/ATF1 complex, and the JNK/p38MAPK-
dependent pathway, through the c-Jun/ATF2 complex, contrib-
ute together to enhance c-jun expression in astrocytes.

In conclusion, the main findings of this study point to specific
molecular mechanisms that link ET-1, ETB-Rs, and c-Jun activa-
tion in astrocytes. We establish a functional link between c-Jun
and ET-1-induced astrocyte proliferation and GFAP expression
in reactive gliosis. The results reported here and our previous
analysis on the effects of ET-1 on astrocytes (Schinelli et al., 2001)
emphasize the participation of different signal transduction path-
ways and the pivotal role of their downstream IEGs, including
c-fos and c-jun, in the regulation of delayed response genes re-
sponsible for astrocyte proliferation. In view of the ubiquitous
response of astrocytes to different types of brain injury (Noren-
berg, 1994; Ridet et al., 1997; Aschner et al., 2002), our studies
have the potential to facilitate the development of selective mo-
lecular tools for pharmacological intervention in brain patholo-
gies in which an involvement of the ET system has been
documented.
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